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W HAT DOES REMOTE SENSING DO FOR ECOLOGY?'
J. R o u g h g a r d e n

Department of Biological Sciences, Stanford University,
Stanford, California 94305 USA
S. W . R u n n i n g

Department of Forestry, University of Montana, Missoula, Montana 59812 USA
P. A. M a t s o n
Ecosystem Science and Technology Branch, NASA-Ames Research Center,
Moffett Field, California 94035-1000 USA

The phrase “remote sensing” sounds like a theore
tician’s delight—a way to get data while sitting in an
armchair. Unfortunately, while some remote sensing
activities can be done in a chair, substantial legwork
is also needed to ensure accurate interpretation o f re
motely sensed signals. Even for the work done from
the armchair, remote sensing analysis is far from sim 
ple and straightforward.
Nevertheless, remote sensing has a great deal to offer
ecologists. In this paper, we will describe som e o f our
own experiences using remote sensing data, provide a
brief discussion o f som e notable successes by other
ecologists, and offer our thoughts on som e o f the im 
pediments to the use o f remote sensing by ecologists.
This paper is not meant to provide a thorough review
o f remote sensing in biology; for that, we recommend
the papers and books listed at the beginning o f the next
section.
For the purposes o f this paper we define remote sens
ing as the measurement o f reflected, emitted, or backscattered electromagnetic radiation from Earth’s sur
face using instruments stationed at a distance from the
site o f interest. M ost o f the instruments utilized are
m ounted on airborne or spacebom e platforms, al
though hand-held and tower-based instruments can also
be used.
The promise remote sensing technology offers to
ecology is to provide data at large and synoptic scales.
These are the scales about which we have had to deduce
properties based on measurements taken at finer scales.
N ow , with remote sensing technologies, we can hope
to directly discern large-scale patterns in ecological sys
tems, and to measure large-scale processes as they take

' For reprints o f this Special Feature, see footnote 1, page
1917.

place. Moreover, we have access to longer term, more
continuous data over much wider regions than has
previously been practical with ground-based m onitor
ing.
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A number o f recent reviews, special issues, book
chapters, and entire books have discussed the current
and potential uses o f remote sensing for biological stud
ies (see Robinson 1985, Greegor 1986, Asrar 1989,
Wickland 1989, Graetz 1990, Hobbs and Mooney 1990,
Wickland 1991a for a few examples). These docu
ments describe the use o f remote sensing for classifi
cation o f land surface cover, detection o f vegetation
phenology, frequency and extent o f fire, inundation
extent, surface soil moisture in areas o f low vegetation
cover, land and ocean surface temperature and vege
tation stress, and calculation o f various ocean color
indices and vegetation indices. For these uses, remote
sensing tools and approaches are pretty well proven,
at least under specific conditions. There is a whole
other suite o f ecological information for which remote
sensing tools are only now being planned, developed,
or tested. These include estimates o f global net primary
production, rates o f evapotranspiration, canopy struc
tural characteristics, canopy biochem ical constituents,
and vegetation water content (see U stin et al. 1991,
part o f this Special Feature, for a discussion o f some
o f these). These are hopes for the future, but they are
certainly not sure things, and they are in no way ready
for im mediate application.
Despite the fact that there are a number o f remote
sensing tools demonstrably ready for use, surprisingly
few ecologists have actually used them. The literature
is full o f papers that demonstrate the potential for use
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o f remote sensing data in biological studies; there are
also many examples o f application o f remote sensing
data in agriculture, forest, and rangeland management.
The studies in which remote sensing data has actually
been used to address specific ecological questions or
hypotheses, however, are limited.
In the following paragraphs, we describe several eco
logical studies that have em ployed remote sensing in
hypothesis developm ent and testing. As noted earlier,
our purpose is not to present a complete review o f all
remote sensing studies related to biology or ecology,
but to offer a few examples o f the ways in which we
and others have used remote sensing data.

The recruitment problem in marine
population dynam ics
The central problem in marine population dynamics
is to account for notoriously large fluctuations in abun
dance. M ost coastal marine animal species have a twophase life cycle, wherein the adults (the “stock”) are
localized to a benthic habitat, while the larvae live for
weeks to m onths in the offshore waters. The fluctua
tions in abundance o f the stocks is caused in large part
by the arrival o f pulses o f larvae (“recruitment” pulses).
Recruitment pulses becom e discrete cohorts, revealed
as bulges in a histogram o f the body sizes in the stock.
The so-called recruitment problem is to explain (1) why
the recruits arrive in discrete pulses, rather than as
some more or less continuous trickle, and (2) the timing
o f the pulses.
The recruitment problem may be nearly solved for
intertidal barnacle populations in central California,
and remote sensing techniques have contributed great
ly to the present understanding. Recruitment pulses
seem to result from the collision o f upwelling fronts
with the rocky intertidal zone. During the upwelling
season in the spring and early summer, when the bar
nacles are reproductive, a front develops between cold
and salty water that is up welled adjacent to the coast
and the relatively warm and less salty water offshore,
characteristic o f the California Current that flows to
ward the Equator. The front is a place o f convergence,
because water at the sea surface flows to it from both
directions, and larvae, drift algae, and debris accu
mulate there. The location o f this front depends on the
strength o f upwelling, which in turn depends on the
strength o f alongshore winds. When the winds relax
sufficiently, coastal upwelling shuts down, and the front
migrates toward shore. Eventually, the front collides
with the shore, depositing the larvae accumulated in
it. The arriving larvae produce a recruitment pulse that
then reverberates throughout the benthic com m unity.
The m otion o f this front is like a “tattered curtain”
that billows in and out before an open window. This
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hypothesis offers a m echanism to explain both why
larvae are concentrated into discrete pulses, and when
the pulses arrive at the adult stock (Roughgarden et al.
1988, Farrell et a). 1990, Roughgarden et al. 1991).
D eveloping and testing the tattered-curtain hypoth
esis for barnacle recruitment has involved coordinated
efforts in rocky intertidal habitat sampling, offshore
sampling in the California Current, and remote sensing
analysis. Although radar measurements o f surface wa
ter currents are now being carried out, the key remote
sensing information to date is a tim e sequence o f sea
surface temperatures from the Advanced Very High
Resolution Radiometer (AVHRR) on the N O A A sat
ellites. The offshore-moving water upwelled adjacent
to the coast is colder than the southward-flowing water
offshore. (The upwelled water is also more saline, but
this characteristic is not sensed by the satellite.) By
inspecting the temperature data from the AVHRR, the
intensity o f the upwelling can be assayed, and the po
sition o f the fronts can be determined. This informa
tion is then used in com bination with ground-based
sampling to predict both the timing and spatial distri
bution o f recruitment pulses. Clearly, the use o f
A VH RR data to locate upwelling is not new; it is even
being used by commercial fishermen who work with
images faxed to them while at sea. What is new is a
theoretical ecologist’s use o f the data to understand
coarse-scale population dynamics.

Regional analysis o f terrestrial ecosystems
The primary reason that there is still controversy
over whether terrestrial vegetation is a source or a sink
o f CO 2 in the global carbon cycle (Tans et al. 1990) is
that we are unable to quantify seasonal CO 2 balances
over large areas. Further, although we know that the
atmosphere influences vegetation, we do not know how
vegetation feeds back to influence climate, regionally
and ultimately globally (Shukla et al. 1990). How can
we quantify these effects and the effects o f drought, air
pollution, and land-use changes on vegetation and eco
systems at regional scales? These problems and many
more require accurate quantitative analysis o f regional
ecosystem activity. Unfortunately, the knowledge we
have acquired and the measurement techniques that
we use on typical 0.1 -ha plots, while valuable, may not
provide answers at coarser spatial scales.
Two o f the m ost important tools for extrapolating
ecological understanding from local to regional scales
are remote sensing and computer simulation modeling,
two very synergistic technologies. Only a handful o f
the variables that terrestrial ecologists are interested in
will ever be directly observable with optical satellite
sensors. Most gas exchange processes such as photo
synthesis, respiration, evapotranspiration, and deni
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trification, and soil processes such as decom position
and mineralization, cannot be detected by optical sen
sors. However, process-level simulation models that
calculate the cycling o f carbon, nitrogen, and water
through terrestrial ecosystem s can simulate these in
visible processes and are progressively being validated.
While many o f the earlier and current m odels require
ground-based information (e.g., stem diameter) as
driving variables, some recent efforts have been di
rected toward developm ent o f m odels that can utilize
remote sensing data as input variables.
One such model, the FOREST-BGC model (Run
ning and Goughian 1988), computes hydrologic and
canopy gas-exchange processes in daily time steps, and
carbon and nitrogen cycle processes in seasonal or year
ly time steps. The m odel requires daily meteorologic
data as well as canopy leaf area indices (LAI) as driving
variables. Leaf area index has been used for decades
as a means o f quantifying canopy structure and scaling
canopy process rates. In this case, it is an especially
important driving variable because it can be estimated
using Landsat Thematic Mapper and A VH RR sensors
(Running et al. 1986, Peterson et al. 1987, Spanner et
al. 1990).
Combining a few key observable parameters derived
from satellite data with an ecosystem simulation model
specifically designed to use satellite information allows
regional-scale calculations o f canopy process rates.
FOREST-BGC was a conscious attempt to describe
forest ecosystem processes with minimal complexity,
and to use satellite and climatological data as input
variables. Mapping o f annual evapotranspiration and
net photosynthesis o f a 1200 km^ area o f Montana
coniferous forests was accomplished using this com 
bination o f data and model (Running et al. 1987, N emani and Running 1989, Running et al. 1989), and is
allowing us to test hypotheses about landscape-level
patterns in ecological processes.
M odelled estimates o f such processes as photosyn
thesis and respiration are difficult to validate on re
gional and continental scales. As more simulation eco
logical models and remote sensing algorithms becom e
available, it may be possible to compare outputs o f
various models, in a sense testing models against each
other. For example, we explored, by computer sim u
lation, whether simulated annual photosynthesis, tran
spiration, and net primary production were correlated
with the annual time-integrated Norm alized Difference
Vegetation Index (NDVI), a com m only used index o f
vegetation activity derived from satellite data (Justice
etal. 1985, Tucker etal. 1985^2, b, G ow ardetal. 1986).
The high correlations found between these variables
give some confidence that continental-scale N D VI maps
represent vegetation activity reasonably well (Running
and N em ani 1988). Likewise, Burke et al. (1990) used
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seasonal A V H R R N D V I to compare to and validate
simulations o f annual grassland net primary produc
tivity for the Great Plains.
Other exam ples
One o f the most obvious yet difficult uses o f remote
sensing in ecology is in monitoring change: successional
change, land use change, deforestation, environmental
change, and so on (Hobbs 1990, Pickup 1990). A num 
ber o f studies have em ployed remote sensing to analyze
rates and patterns in deforestation in the tropics and
elsewhere (W oodwell et al. 1984, Malingreau and
Tucker 1988, Sader and Joyce 1988). Such information
has been useful in understanding causes o f deforesta
tion and the impact o f tropical deforestation on carbon
cycling (W oodwell et al. 1984) and trace gas em issions
(Matson et al. 1990). Other studies have used remote
sensing to detect changing successional patterns (Hall
et al. 1991) and changing patterns in phenology and
production in response to regional drought (Tucker et
al. 1985(2). Monitoring o f change is obviously one o f the
m ost important contributions o f remote sensing tech
nology to studies o f global ecological change, and is
heralded as such in many o f the U nited States and
international global change documents (Earth System
Sciences Comm ittee 1988, National Research Council
1988, Comm ittee on Earth Sciences 1990).
Understanding the relative importance o f environ
mental and edaphic variables on vegetation distribu
tion and biological processes has been a topic o f interest
in ecology for decades. Smith et al. (1990) recently
applied a remote sensing approach to examine the ef
fects o f radiation, temperature, elevation, soil type, and
precipitation on vegetation in desert scrub areas; on a
regional scale, they found desert scrub to be m ost in
fluenced by mean annual precipitation. Their work also
demonstrated that conclusions derived from local-scale
relationships could not be extrapolated safely to the
regional scale, and that a com bination o f local field
measurements and regional remote sensing measure
ments were required to determine the environmental
controls on vegetation.
As a final example, remote sensing data has also been
used in hypothesis testing at global scales. Fung et al.
(1987) used the N D V I derived from the AVHRR, to
gether with measurements o f soil respiration and cli
mate data, to determine geographic distributions o f
monthly CO 2 exchange between biosphere and atm o
sphere. Those estimates were compared with estimates
simulated from a three-dimensional atmospheric trac
er model that com bined CO 2 data from a ground sam 
pling network with a general circulation model. Their
results indicated good correspondence between the du
ration o f high N D V I and the duration o f CO 2 draw
down indicated by the tracer model.

I m p e d im e n t s
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In all o f these examples, remote sensing has been
used for detection o f characteristics o f interest in ecol
ogy, either to formulate or test hypotheses, or to aid
in estimates o f ecological processes on regional and
global scales. This is not an exhaustive list, but there
are not many more examples. At first glance, it seems
strange that ecologists have failed to take better ad
vantage o f this tool, as they have taken advantage o f
other new tools such as isotope analysis and modelling.
There are, however, a number o f reasons why remote
sensing technology has not made strong inroads in ecol
ogy yet, although these constraints are rapidly eroding.
First, satellite remote sensing data are expensive; the
privatized Landsat Thematic Mapper data cost $3900/
scene, Landsat Multi Spectral Scanner data cost $ 1000/
scene, and French SPOT data is $ 1800/scene, although
educational discounts o f $ 600/scene are currently be
ing offered. However, the United States Geological
Survey EROS Data Center in South Dakota is finalizing
a system to produce biweekly com posited five-channel
and N D V I A V H R R datasets o f the United States for
1990 and North America for 1991. The 1990 datasets
are available on five CD-ROM s (each with 800 Mbytes
o f data) for $32 each. Some satellite data is becoming
available, effectively free, from centralized databanks
accessible over high-speed computer networks.
Second, com m unication gaps have existed between
scientists who specialize in remote sensing and those
who study ecology. Ecologists rarely are educated in
image analysis or biophysics, and many lack the back
ground in mathematics and statistics required for re
m ote sensing analysis. Thus, it is difficult for many
ecologists simply to give remote sensing a try; instead,
they hire appropriate personnel usually trained in phys
ical science disciplines, who typically do not know ecol
ogy. In this interdisciplinary era, however, it is likely
that the next generation o f ecologists will have coursework in remote sensing and digital image processing.
Third, in the past, very few o f the remote sensing
scientists who build and deploy instruments have been
ecologists. Moreover, there has never been a remote
sensing instrument designed primarily for ecological
research (Wickland 1991(2), so we frequently end up
using instruments that are not optim ized for our field
applications, nor adequately calibrated for ecological
uses. Some o f the instruments planned for the Earth
Observing System (see Wickland \9 9 \b and U stin et
al. 1991 in this Special Feature) will help to remedy
this situation.
Fourth, as recently as 10 yr ago, the computer hard
ware and software needed to work with satellite data
required a m illion dollar mainframe computer and

dedicated staff to run the image-processing software.
Thanks to the microcomputer revolution, an invest
m ent o f as little as $800 for a commercial image-pro
cessing software package, or $0 for public domain soft
ware such as the Utah Raster Toolkit available over
Internet, plus an IBM compatible 80286 PC with EGA
monitor, can now get one into remote sensing! One o f
us (S. W. Running) has put an image-processing system
on a laptop computer, and has done single-channel
image processing in the field, while looking at the ter
rain o f interest. Image analysis is readily carried out
using X-windows on U N IX workstations. These ad
vances in affordable technology bring remote sensing
closer to ecologists.
Finally, it may be that ecologists only recently have
becom e interested in processes and patterns occurring
at scales amenable to remote sensing. There is a grow
ing need to understand ecological relationships in the
context o f a changing world (Lubchenco et al. 1991);
we hope that remote sensing will provide one pathway
for study o f ecological patterns and processes in the
midst o f change. With public interest and funding lev
els increasing in the area o f global and environmental
change, and with the awareness that remote sensing
observations are a critical com ponent o f global re
search, more and more opportunities exist for ecolo
gists (including graduate students and post-doctoral
scientists) to contribute to the planning o f future sen
sors and to use currently available sensors.
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